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Abstract 
Hypercrosslinked polymers (HCPs) synthesized by copolymerisation of p-
dichloroxylene (p-DCX) and 4-4′-bis (chloromethyl)-1-1′-biphenyl (BCMBP) constitute 
a family of low density porous materials with excellent textural development. Such 
polymers show microporosity and mesoporosity and exhibit Brunauer-Emmett-Teller 
(BET) surface areas of up to 1970 m2 g-1. The CO2 adsorption capacity of these 
polymers was evaluated using a thermogravimetric analyser (atmospheric pressure tests) 
and a high-pressure magnetic suspension balance (high pressure tests). CO2 capture 
capacities were related to the textural properties of the HCPs. The performance of these 
materials to adsorb CO2 at atmospheric pressure was characterized by maximum CO2 
uptakes of 1.7 mmol g-1 (7.4  wt %) at 298 K. At higher pressures (30 bar), the polymers 
show CO2 uptakes of up to 13.4 mmol g-1 (59 wt %), superior to zeolite-based materials 
(zeolite 13X, zeolite NaX) and commercial activated carbons (BPL, Norit R). In 
addition, these polymers showed low isosteric heats of CO2 adsorption and good 
selectivity towards CO2. Hypercrosslinked polymers have potential to be applied as CO2 
adsorbents in pre-combustion capture processes where high CO2 partial pressures are 
involved. 
 
1. Introduction 
Carbon Capture and Storage (CCS) technologies offer potential for diminishing 
CO2 emissions in the atmosphere. Adsorption is considered a promising technology for 
CO2 capture, offering possible energy savings compared to other more established 
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absorption technologies1, 2. Different types of solid sorbents have been investigated as 
potential adsorbents for CO2 capture. These include supported amines3-6, carbon-based 
sorbents7-14, supported carbonates15, 16 and zeolites17-19. Based on the nature of the 
bonding between the adsorbate molecule and the solid surface, adsorption can be 
categorized as either physical or chemical. Most adsorptive separation processes depend 
on physical adsorption rather than chemical adsorption. The requirement for adequate 
adsorptive capacity restricts the choice of adsorbent for practical separation processes to 
microporous adsorbents with pore diameters ranging from 2–3 nm. Previous studies 
have shown that only pores smaller than five times the molecular size of the adsorbate 
are effective for gas adsorption at atmospheric pressure. This observation was 
confirmed empirically20 as well as by mathematical simulation using grand canonical 
Monte Carlo (GCMC) and the nonlocal density functional theory (NLDFT)21. Since the 
molecular size of CO2 is 0.209 nm, only pores less than 1.0 nm are effective towards 
CO2 capture at atmospheric pressure22. However, at higher pressures, CO2 is also 
adsorbed in the supermicroporosity range (pore sizes between 0.7 and 2 nm)22. 
The work presented here is based on the synthesis of solid adsorbents with the 
potential to be applied in pre-combustion CO2 capture -that is, the removal of CO2 from 
shifted-syngas prior to electricity generation with additional production of high-purity 
H2-. Solid sorbents are currently used in pressure swing adsorption (PSA) systems for 
the purification of hydrogen in petrochemical industries2, 23, 24. The synthesis gas or 
hydrogen is used as fuel or chemical raw material: for example, in liquid-fuel 
manufacturing or ammonia synthesis. The CO2 can also be used as a chemical raw 
material for dry ice manufacturing, carbonated beverage production25, 26, treatment of 
alkaline water, dry cleaning processes (supercritical CO2)27 or in enhanced oil recovery 
(EOR) from oil wells28.  
Regarding PSA processes using solid sorbents, recent studies reveal the 
increased interest of this technology for pre-combustion CO2 capture applications, due 
to the reduced size of the capture system and the increased CO2 partial pressure when 
compared to post-combustion capture29, 30. 
There is currently significant interest in the use of porous networks for gas 
storage and trapping applications31-35. There are a few different classes of microporous 
organic polymers (MOPs)36 including hypercrosslinked polymers (HCPs)37-41, polymers 
of intrinsic microporosity (PIMs)42, 43, conjugated microporous polymers (CMPs)44-47, 
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and covalent organic frameworks (COFs)32. MOPs can be classified as either 
amorphous (HCPs, PIMs, CMPs) or crystalline (COFs)36. A possible advantage of 
MOPs, compared to other microporous materials such as MOFs, zeolites and activated 
carbons, is the potential synthetic diversity that can be incorporated into these organic 
structures46.  
HCPs represent a family of robust microporous organic materials that can 
exhibit high surface areas37-39, 41, 48, 49. Unlike solution-processable PIMs, the permanent 
porosity in hypercrosslinked materials is a result of extensive crosslinking reactions 
which prevent the polymer chains from collapsing into a dense, non-porous state50, 51. 
The most well-studied hypercrosslinked materials are ‘‘Davankov-type’’ resins39, 48, 49, 
prepared by post-crosslinking of polystyrenic networks. These materials can exhibit 
apparent BET surface areas as high as 2090 m2 g-1 52 and have been used as sorbents for 
organic vapours53, for the recovery of organic compounds from water54, and in 
chromatography55. Among other features, the HCPs present robustness and scalability; 
these materials have good thermal stability, excellent chemical robustness (e.g., to 
strong acid and bases), and are quite readily produced on a large scale. In addition, they 
can be produced in a molded monolithic form. Another distinct advantage of the HCPs 
is their relative low heat of adsorption in comparison with other materials. We have 
recently reported the synthesis of HCPs by the self-condensation of bischloromethyl 
monomers such as dichloroxylene (DCX) and 4,4′-bis(chloromethyl)-1,1′-biphenyl 
(BCMBP)40. These HCPs were predominantly microporous and exhibited Brunauer-
Emmett-Teller (BET) surface areas of up to 1904 m2 g-1. Networks based on BCMBP 
exhibited a gravimetric H2 storage capacity of 3.68 wt % at 15 bar and 77.3 K40. We 
were also able to carry out atomistic simulations of gas sorption in these networks56. In 
this work, HCPs networks have been evaluated for CO2 capture under either 
atmospheric (post-combustion capture conditions) and high pressure (pre-combustion 
capture conditions). The results indicate that HCPs can be considered as promising 
materials for the separation of CO2 under pre-combustion capture conditions.  
 
 
 
4 
 
2. Experimental 
2.1. Chemicals 
Alpha-alpha′-dichloro-p-xylol (p-DCX, Aldrich, 98 %), 4,4′-bis(chloromethyl)-
1,1′-biphenyl (BCMBP, Aldrich, 95 %), and iron (III) chloride anhydrous (FeCl3, Alfa 
Aesar- Johnson Matthey Company, 98 %,) were used as received. As solvents, 
dodecane (99 %), cyclohexane (99 %) and n-hexane (99 %) were purchased form 
Fischer Scientific. Dichloroethane (DCE, 99.8 %, anhydr.) was purchased from Sigma 
Aldrich. All solvents were used as received. 
2.2. General synthesis of HCPs (see Table 1 for % mol/mol ratios for individual 
reactions) 
To a solution of monomer(s) in anhydrous dichloroethane (DCE, 5 mL), a slurry 
of FeCl3 (0.7 g, 4.3 mmol) in DCE (5 mL) was added under nitrogen atmosphere. The 
resulting mixture was heated while stirring at 353 K for 18 h. The resulting brown 
precipitate was washed well with water and methanol until the filtrate became clear and 
then finally with diethyl ether. The polymer was dried under vacuum for 24 h at 333 K.  
Safety Note: Friedel-Crafts chemistry can be strongly exothermic and can lead to rapid 
temperature ramps. These reactions can generate very substantial pressures if carried 
out in sealed tubes. 
2.3. Characterization of the polymers 
The synthesized polymers were characterized in terms of texture and chemical 
composition. For the textural characterization, the specific surface areas and micropore 
volumes were determined from the N2 and CO2 adsorption isotherms at 77 K and 
273 K, respectively, measured in a Micromeritics ASAP 2420. Nitrogen surface areas 
were calculated by means of the BET equation and micropore volumes were determined 
from the Dubinin-Radushkevich (DR) equation applied to the CO2 and N2 adsorption 
isotherms59. Helium densities at 308 K were measured in a Micromeritics Accupyc 
1330 pycnometer. Prior to any measurement, the samples were degassed under vacuum 
at 373 K for approximately 10 h. 
Previous studies on the reproducibility of the synthesis of the HCPs (i.e., repeat 
reactions under the same conditions), showed some variation in both yield and surface 
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area40, possibly because of the propensity for these exothermic reactions to form “hot 
spots” and the general difficulty in controlling this on a small test scale (<2 g solids). By 
contrast, the reproducibility of the gas sorption measurements was found to be excellent 
(±3%). 
The chemical characterization involved microanalysis. Heats of CO2 adsorption 
were determined in the Micromeritics ASAP 2420 from the experimentally measured 
CO2 adsorption isotherms at 273 and 298 K up to a pressure of 1.13 bar.  
2.4. Assessment of the CO2 capture capacity 
The CO2 adsorption capacity of the samples at atmospheric pressure was 
evaluated in a thermogravimetric analyser (Setaram TGA). In a typical experiment, a 
sample (~ 20 mg) was loaded in the TGA and dried at 373 K under inert atmosphere of 
argon (50 mL min-1) prior to the adsorption experiment. The system was then cooled to 
room temperature and, after stabilization of the sample mass and temperature (298 K), 
the Argon flow was changed to CO2 (50 mL min-1). The CO2 adsorption capacity at 
298 K was assessed from the maximum mass increase of the samples when exposed to a 
pure CO2 atmosphere.  
The CO2 adsorption capacity at higher pressures was evaluated in a high-
pressure magnetic suspension balance (Rubotherm-VTI). Firstly, the samples were 
degassed at 373 K for 120 min under vacuum. Then, the system was cooled down to 
room temperature and sequentially pressurized (pressure steps ~ 2.5 bar) under CO2 
atmosphere from 0.2 to 30 bar allowing to reach adsorption equilibrium. In this way, the 
CO2 adsorption isotherms at 298 K were determined. The CO2 uptake at each pressure 
was interpreted as the maximum CO2 adsorption capacity. In addition, H2 adsorption 
isotherms at 298 K up to a pressure of 40 bar were also determined following the same 
procedure. 
The selectivity of the prepared HCPs to separate CO2 from CO2/H2 mixtures was 
estimated by the ratio between the CO2 and H2 adsorption capacities at a selected 
pressure. 
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3. Results and discussion 
3.1. Chemical and textural characterization 
Following our previous report40, a series of HCPs was prepared via the self-
condensation of two bischloromethyl monomers, dichloroxylene (DCX) and 4,4′-
bis(chloromethyl)-1,1′-biphenyl (BCMBP) (Table 1 and Figure 1). Previous work was 
carried out using dichloroethane (DCE) as a suitable solvent. For optimisation purposes 
and to compare the previous synthesis with ‘greener’ systems, the synthesis of HCPs 
was also attempted in alternative solvents. 
Table 1. Details on the synthesis of the series of hypercrosslinked polymers (monomer 
ratios given in % mol/mol) 
Sample DCX BCMBP DCX (g) 
BCMBP 
(g) 
FeCl3 
(g) 
DCE 
(mL) 
Cyclo-
hexane 
(mL) 
n-
hexane 
(mL) 
Dodecane 
(mL) 
1 0 100 0.00 1.069 0.696 10 - - - 
2 25 75 0.188 0.804 0.688 10 - -  
3 50 50 0.380 0.537 0.699 10 - - - 
4 75 25 0.570 0.269 0.704 10 - - - 
5 25 75 0.185 0.806 0.687 - 10 - - 
6 25 75 0.187 0.806 0.708 - - 10 - 
7 25 75 0.189 0.806 0.690 - - - 10 
 
a) b) 
   
 
 
Figure 1. Monomers used for the synthesis of the hypercrosslinked polymer networks, 
a) DCX: alpha-alpha′-dichloro-p-xylene and b) BCMBP: 4,4′-bis(chloromethyl)-1,1′-
biphenyl. 
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Microanalysis of the polymers is included in Table 2. The prepared HCPs 
contain mainly carbon (80-86 wt %), the analysis being in agreement with the work 
carried out previously40. It can be observed that all samples have similar chemical 
compositions. We have previously demonstrated strong solvent effects for Sonogashira-
Hagihara coupling based microporous materials57. This was ascribed to better monomer 
solubilities promoting reactivity. Presumably, networks with higher degrees of 
condensation are less able to collapse and densify, thus leading to higher levels of 
microporosity. It is likely that the same effects are being observed here. Indeed, the 
lower percentage of carbon found in 5-7 as compared to 1-4 (Table 2) as well as the 
lower C/H ratio may be indicative of lower degrees of condensation and the presence of 
chlorine end groups. Additionally, the differences observed between 5-7 and 1-4 may be 
related to the solvation or lack of solvation by the different potentially porogenic 
solvents, as rationalized by Sherrington58. 
 
Table 2. Chemical characteristics of HCPs 
Ultimate microanalysis (wt%,db) 
Sample 
C H 
1 83.71 5.22 
2 86.28 5.27 
3 83.09 5.30 
4 81.56 5.34 
5 78.41 6.13 
6 80.96 5.29 
7 79.51 5.53 
 
Figures 2 and 3 show the N2 and CO2 adsorption isotherms at 77 and 273 K, 
respectively, for the synthesized polymers. Table 3 summarizes the textural parameters 
calculated from these isotherms. BET surface areas (SBET) were estimated in the relative 
pressure range between 0.00003-0.3. Total pore volume (Vp) was evaluated using the 
Gurvitch’s rule (p/p0 = 0.99). The mesopore volume (Vmeso) was calculated by the 
Hybrid Density Functional Theory (DFT), assuming cylindrical pores in pillared clay60, 
non-regularization and medium smoothing. Micropore volumes, W0,N2 (total micropore 
8 
 
volume, estimated at relative pressures < 0.1) and W0,CO2 (narrow micropore volume, 
estimated at relative pressures < 0.01) were calculated by the DR equation59 applied to 
the N2 and CO2 adsorption isotherms (assuming affinity coefficients of 0.33 for N2 and 
0.36 for CO2). Average widths of the narrow micropores, L0,CO2, were estimated 
applying the Stoeckli-Ballerini relation to the CO2 adsorption isotherms61. 
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Figure 2. N2 adsorption isotherms at 77 K for HCPs 
Polymers 1 to 4 showed type IV N2 adsorption isotherms, according to the 
BDDT classification62, characterized by the presence of a hysteresis loop at relative 
pressures above 0.4. This suggests the presence of significant mesoporosity besides 
microporosity. Great similarities in N2 adsorption up to relative pressures around 0.4 
were observed. However, hysteresis loops at higher relative pressures show differences 
and so does the mesoporosity in the samples. Samples 5, 6 and 7 showed negligible N2 
adsorption. Polymer 4 showed the greatest N2 uptake.  
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Figure 3. CO2 adsorption isotherms at 273 K for HCPs. 
Figure 3 shows the CO2 adsorption isotherms at 273 K for HCPs (1 to 7). Sub-
atmospheric CO2 adsorption isotherms at 273 K allow the evaluation of microporosity 
with pore sizes of less than 1 nm. Differences in the volumes of CO2 adsorbed and the 
shape of the isotherms can be observed. Polymers 5, 6 and 7 showed little adsorption of 
CO2 with curved isotherms that suggest the presence of narrow micropore distributions. 
Samples 1 to 4 presented similar CO2 isotherms characterized by rectilinear shape that 
indicates the presence of wider micropores. The highest CO2 uptake corresponded to 
sample 4. 
The textural parameters calculated from the N2 and CO2 adsorption isotherms 
are summarized in Table 3. The absolute densities measured at 308 K for all HCPs were 
recorded to be around 1 g cm-3. The HCPs synthesized using cyclohexane, n-hexane and 
dodecane as solvents (polymers 5, 6 and 7) showed negligible total pore volume and 
BET surface areas. Polymers 1 to 4, synthesized with DCE, showed SBET values around 
1600 m2 g-1, slightly lower than the previous reported40, and micropore volumes, W0,N2, 
around 0.6 cm3 g-1. Mesoporosity in these polymers showed more dispersion with 
mesopore volumes ranging from 0.3 to 0.5 cm3 g-1. Polymer 4 exhibited the lowest 
mesopore volume but the greatest total pore volume.  
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Regarding the evaluation of narrow microporosity it can be observed in Table 3 
that values around 0.3 cm3 g-1 and 0.9 nm for the narrow micropore volume, W0,CO2, and 
average narrow micropore width, L0,CO2, respectively, were obtained. From these 
results, it can be concluded that replacement of DCE by alkane solvents in the HCP 
synthesis does not enhance the textural development. However, the ratio DCX/BCMBP 
during the synthesis may influence the development of mesoporosity in the polymers. 
 
Table 3. Absolute density, ρHe, and textural parameters calculated from the N2 and CO2 
adsorption isotherms at 77 and 273 K, respectively 
N2 adsorption at 77 K CO2 adsorption at 273 K 
Sample ρHe 
SBET Vp Vmeso W0, N2 W0, CO2 L0,CO2 
1 1.04 1646 1.26 0.51 0.66 0.27 0.9 
2 0.93 1684 1.47 0.50 0.64 0.29 0.9 
3 1.03 1531 1.44 0.40 0.60 0.28 0.9 
4 1.09 1642 1.74 0.33 0.59 0.31 0.8 
5 0.93 13 0.02 – – 0.13 0.9 
6 1.09 3 0.01 – – 0.06 0.8 
7 1.13 9 0.02 – – 0.05 0.8 
ρHe (g cm-3): Helium density; SBET (m2 g-1): Brunauer Emmet and Teller surface area; Vp (cm3 g-1): 
total pore volumen; Vmeso (cm3 g-1): mesopore volume (Hybrid DFT); W0, N2 (cm3 g-1): total 
micropore volume at p/p0<0.1 (DR equation); W0, CO2 (cm3 g-1): narrow micropore volume at 
p/p0<0.01 (DR equation); L0, CO2 (nm): average narrow micropore width (Stoeckli-Ballerini 
relation). 
 
Figure 4 shows the pore size distribution assessed by the Hybrid DFT method, assuming 
a model of cylindrical pores in pillared clay. In general, polymers presented here 
showed pore size distributions with maxima centered in the supermicroporosity range 
(2 nm >micropore width> 0.7 nm), in agreement with the average micropore widths 
(0.8-0.9 nm) determined from the Stoeckli-Ballerini relation (see Table 3).  
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Figure 4. Pore size distributions for HCPs (inset shows the detail of the micropore 
region).  
3.2. Isosteric heat of adsorption of CO2 
The isosteric heat of adsorption (Qst), which is defined as the difference in the 
partial molar enthalpy of the adsorbate between the gas phase and the adsorbed phase, 
represents the strength of the adsorbate−adsorbent interactions. Quantification of Qst is 
very important for the design of adsorption processes because the heat released upon 
adsorption is partially adsorbed on the sorbent which causes a rise in the sorbent 
temperature and thus influences the local adsorption equilibrium and kinetics and, as a 
result, the overall gas separation efficiency63. Adsorption isotherms of CO2 were 
obtained at different temperatures, 273 K and 298 K, and were used for the calculation 
of the isosteric heat of adsorption, based on the Clausius–Clapeyron equation64. The 
isosteric heats of adsorption are plotted in Figure 5 as a function of the amount of CO2 
adsorbed. 
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Figure 5. Heats of adsorption of CO2 for HCPs. 
In Figure 5 it can be observed that at lower loadings (< 20 cm3 g-1, STP) the 
performance of the samples differs and the heats of adsorption can slightly increase 
(polymers 3 and 4), decrease (polymer 2) or stay constant (polymer 1). This behaviour 
may be assigned to uncertainties in the evaluation procedure because at very low 
pressures, the isotherm measurements at lower temperatures may not be precise for 
strongly adsorbed gases65. However, at higher loadings the heats of adsorption of CO2 
reach nearly constant values with loading, of approximately 21 kJ mol-1 for polymers 2, 
3 and 4 and 23.5 kJ mol-1 for polymer 1. Generally, these results indicate an 
energetically homogeneous surface of the polymers.  
Other nanoporous materials like MIF (aluminum-free ZSM-5 type zeolite), 
IRMOFs (isoreticular MOFs) and SWNT (single-wall carbon nanotubes) present 
heterogeneous surfaces so there exist significant differences in the heat of CO2 
adsorption at low and high loadings66. For MOFs with BET surface areas ranging from 
1200 to 1600 m2 g-1 – that is, similar SBET values to those reported here – higher heats of 
adsorption for CO2 at low coverage were reported (~35 kJ mol-1)67. These were found to 
decrease to approximately 25 kJ mol-1 at higher gas loadings. Significant increases in 
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the isosteric heat were observed for the adsorption of CO2 in amine-grafted MOFs, 
particularly at very low loadings; a maximum value of Qst of 90 kJ mol-1 was observed, 
indicating a strong and selective interaction of CO2 with the amine functionalities68. 
This value compares well with previously reported data obtained for amine-
functionalized silicas (100 kJ mol-1)69. High enthalpies at zero coverage were also 
observed for cation-exchanged zeolites such as NaX (49 kJ mol-1) and Na-ZSM-5 
(50 kJ mol-1) that decrease with coverage to a plateau around 30 kJ mol-1 64.  
Isosteric heats of CO2 adsorption for these HCPs are similar to those obtained 
for activated carbons which have Qst values of approximately 20.3 kJ mol-1 70, reflecting 
the structural similarities between the two kinds of carbonaceous materials. Multi-wall 
carbon nanotubes (CNT) and amine-grafted CNT present average heats of CO2 
adsorption around 11.8 kJ mol-1 and 18.9 kJ mol-1 71, respectively, lower than those 
assessed for HCPs and many kinds of zeolites72. 
 
3.3. CO2 capture capacity 
CO2 capture capacities of the prepared HCPs were evaluated at atmospheric and 
high pressures (up to 30 bar) at room temperature (298 K). 
3.3.1. Atmospheric pressure tests 
Figure 6 shows the mass uptake of the samples during tests conducted on the 
TGA under a CO2 flow (50 mL min-1). CO2 uptakes are expressed in terms of mass of 
CO2 per mass of dry adsorbent. The HCPs show a CO2 capture capacity of 
approximately 7 wt %. Due to their low textural development, the poorest performance 
corresponded to samples 5, 6 and 7 with CO2 uptakes that do not exceed 2.5 wt % (0.6 
mmol g-1).  
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Figure 6. CO2 uptakes of the HCPs evaluated at atmospheric pressure and 298 K. 
 
Figure 7 shows that CO2 uptakes at atmospheric pressure and ambient 
temperature seem to correlate better with narrow micropore volumes, W0,CO2, than with 
total micropore volumes, W0N2. Microporous activated carbons from phenol-
formaldehyde resins73 have also been included in Figure 7 to validate the correlation. 
HCPs fall below the fitted line in Figure 7b, suggesting that experimental CO2 capture 
capacities are lower than could be theoretically expected, according to their narrow 
micropore volume. CO2 adsorption at atmospheric pressure is sensitive to the micropore 
width20, 21 and it has been demonstrated for activated carbons that micropore widths 
lower than 0.7 nm are the most active towards CO2 capture at atmospheric pressure73. 
Thus, the presence of supermicropores (2 nm >micropore width> 0.7 nm) in these 
samples could account for the deviation from the fitted line (Figure 7b).  
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Figure 7. Correlation of the CO2 uptake at 1 bar with textural parameters (triangles: 
HCPs, squares: carbon-based adsorbents73, a) total micropore volume, W0,N2 and b) 
narrow micropore volume, W0,CO2.  
 
3.3.2. High pressure tests 
Figure 8 presents the CO2 and H2 uptakes of some of the HCPs at 30 bar and 
298 K. These values were obtained from the corresponding adsorption isotherms at 
298 K. For polymers 1 to 4 the CO2 adsorption capacity at 30 bar is significantly greater 
(by nearly two orders of magnitude) than the H2 uptake. The highest value corresponded 
to polymer 1 with 0.1 wt.% H2 uptake; for the rest of the samples the values were 
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insignificant in comparison with the CO2 uptake. Therefore, the polymers may be 
selective to the separation of CO2 from CO2/H2 mixtures (pre-combustion conditions). 
All tested polymers present significant CO2 adsorption at 30 bar reaching values of 
approximately 50 wt %. The maximum CO2 uptake corresponded to sample 1 that 
reached 59 wt % (13.4 mmol g-1). This polymer also exhibited the highest heat of CO2 
adsorption (see Figure 5). 
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Figure 8. CO2 and H2 uptakes of the HCPs evaluated at 30 bar and 298 K. 
 
As for the atmospheric pressure tests, the CO2 uptakes at 30 bar were related to 
the textural parameters of the polymers (Figure 9). Contrary to the observed trend in the 
atmospheric pressure CO2 capture tests, a good linear correlation exists between high 
pressure CO2 uptakes and total micropore volume, W0,N2, of the polymers. Thus, CO2 
uptake at high pressure seems to depend on the total micropore volume, independently 
of the micropore size. 
At atmosperic pressure the narrow micropore volume (pore sizes below 0.6 nm), 
evaluated by the CO2 adsorption isotherm at 273 K, determines the maximum CO2 
uptake. This is not surprising since, as a consequence of the relatively high saturation 
pressure of CO2, the process of CO2 capture at low pressures corresponds to a small 
degree of pore filling which involves, exclusively, the narrower micropores in the 
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carbons. At high pressure (30 bar) the total micropore volume, determined by the N2 
adsorption isotherm at 77 K, is the textural parameter more directly related to the CO2 
capacity of the materials. The good agreement revealed by Fig. 9a indicates that the 
retention of CO2 under pre-combustion conditions (high pressures) occurs by filling of 
the entire microporosity. This is not accidental, because under such experimental 
conditions (298K and 30 bar), CO2 adsorption is close to saturation. 
 
Figure 9. Correlation of the CO2 uptake at 30 bar with textural parameters (triangles: 
HCPs, squares: carbon-based adsorbents73, a) total micropore volume, W0,N2 and b) 
narrow micropore volume, W0,CO2. 
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In Table 4, the CO2 uptakes of the HCPs polymers prepared in this work are 
compared with other CO2 adsorbents that have shown promising performance. Most of 
the current literature on CO2 physisorbents is based on zeolite-like materials and MOFs. 
The wide range of experimental conditions used to evaluate the CO2 uptakes makes it 
difficult to make precise comparisons between different physisorbents. The selection of 
CO2 adsorbents for particular applications is governed by the process design and desired 
process performance.  
Table 4. CO2 capture performance of adsorbent materials. 
Materials 
CO2 Heat of 
Adsorption 
(kJ mol-1) 
CO2 adsorption 
capacity (mmol g-1) 
Conditions 
(P,T) References
1.7 1 bar, 298 K 
HCP 1 23.5 
13.3 30 bar, 298 K 
this work 
1.7 1 bar, 298 K 
HCP 2 21.2 
12.6 30 bar, 298 K 
this work 
1.6 1 bar, 298 K 
HCP 3 22.1 
11.6 30 bar, 298 K 
this work 
1.6 1 bar, 298 K 
HCP 4 21.6 
10.6 30 bar, 298 K 
this work 
12.5 15 bar, 298 K 74 
Ni2(BDC)2Dabcoa 20.4 
14.8 24 bar, 298 K 75 
2.1 1 bar, 298 K 74 
Zn2(BDC)2Dabcoa 21.6 
13.7 15 bar, 298 K 74 
ZIF-70 - 2.2 1 bar, 298 K 67 
USO-2-Ni - 13.6 25 bar, 298K 75 
USO-2-Ni-Ab - 3.2 1 bar, 298 K 75 
7.4 32 bar, 298 K 19 
Zeolite 13X 37.2 
3.3 1 bar, 323 K 76 
Zeolite NaX 49.0 7.8 30 bar, 302 K 77 
25.0 35 bar, 298 K 78 
AC-MAXSORB 16.2 
2.1 1 bar, 301 K 79 
AC-Norit R1 22.0 10 30 bar, 298 K 77 
AC-Norit RB2 - 9.5 40 bar, 298 K 32 
8.4 55 bar, 298 K 32 
1.9 1 bar, 298 K 67 BPL carbon 23.3 
1.9 1 bar, 301 K 79 
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COF-102 - 27.3 55 bar, 298 K 32 
32.5 30 bar, 298 K 35 
MOF-177 35.0 
20.0 15 bar, 298 K 74 
1.9 1 bar, 298 K 76 MOF-5 
(IRMOF-1) 
34.1 
21.7 35 bar, 298 K 35 
MCM-48c - 0.8 1 bar, 298 K 80 
MIL-53(Al, Cr) d 36.0 10 25 bar, 302 K 77 
MIL-47(V) d - 11 20 bar, 302 K 77 
PAF-1e - 29.5 40 bar, 298 K 81 
a Three dimensional pillared-layer-metal organic framework; bAmine functionalized MOF; cA 
type of amine-attached silica; dMIL= Materials of Institut Lavoisier, (mesoporous MOFs); 
eMicroporous polyphenylene network 
 
Selective adsorption of CO2 on micro/mesoporous inorganic and organic 
adsorbents such as zeolites, silica gels, aluminas and activated carbons is used 
commercially for the separation of bulk CO2 from a gas mixture and removal of trace 
CO2 from a contaminated gas. Selective adsorption of CO2 over gases like CO, CH4, N2, 
O2 and H2 by these materials is caused by van der Waals attraction between the CO2 
molecule and the adsorbent surface as well as by the pole-pole and pole-ion interactions 
between the permanent quadrupole of the CO2 molecules and the polar and ionic sites of 
the adsorbent surface. The varied morphology and surface chemistry of these 
physisorbents give rise to strikingly different characteristics for sorption of CO2 as a 
pure gas or as a gas mixture. These materials show different adsorption capacities of 
CO2 at a given gas pressure and temperature. In addition, the low to moderate isosteric 
heats of adsorption of these adsorbents permit reversible adsorption of CO2 and 
relatively easier desorption of CO2 from these materials. In particular, zeolites exhibit 
extremely high capacity for CO2 at a very low pressure because of the very strong 
quadrupole-ion interaction. Physical adsorption of CO2 by microporous zeolite 13X has 
been reported to provide high CO2 adsorption capacity at ambient temperature, but there 
is a relatively high energy requirement for regeneration, especially in the presence of 
water19.  
Recently, a range of microporous crystalline zeolite analogues has been 
developed, in particular, metal-organic frameworks (MOFs), covalent organic 
frameworks (COFs) and zeolitic imidazolate frameworks (ZIFs) that exhibit exceptional 
uptakes and selectivity to CO2. MOFs and COFs present very large specific surface 
areas (> 3000 m2 g-1 32) but in some cases limited physicochemical stability. On the 
20 
 
other hand, ZIFs present lower surface areas (up to 1700 m2 g-1 67) but higher chemical 
stabilities. Several groups have reported MOFs that have high CO2 adsorption capacity 
at ambient temperature under dry conditions35, 75, 77. 
Amorphous microporous organic polymers have received recent interest in gas 
storage applications40, 56, 82, 83. They present surface areas up to 1900 m2 g-1 40 with the 
exception of the recently reported PAF-1 that exhibits a BET surface area > 5000 m2 g-1  
84. Capture capacities at atmospheric pressure and room temperature of the tested HCPs 
are similar to other carbon-based adsorbents, like commercial activated carbons79, 67, 
higher than some MOFs74, 76 and lower than zeolite 13 X76 and amine-functionalized 
MOFs75. At higher pressures (~ 30 bar) these HCPs reached capture capacities superior 
to zeolite-based adsorbents19, 77 and activated carbons77 but inferior to PAF-184, and the 
highest surface area MOFs and COFs. However, taking into account the low isosteric 
heat of CO2 adsorption and the selectivity towards CO2 of these HCPS, they may be 
suitable candidates for pre-combustion capture applications where high CO2 partial 
pressures are involved. 
 
4. Conclusions 
A series of hypercrosslinked polymers has been characterized and tested for CO2 
capture. HCPs synthesized using DCE as solvent presented suitable microporosity 
development for CO2 adsorption purposes. However, use of cyclohexane, n-hexane and 
dodecane as solvents resulted in negligible textural development. CO2 capture capacities 
where evaluated in pure CO2 under atmospheric and high pressures and room 
temperature. Maximum CO2 uptakes of up to 13.4 mmol g-1 (59 wt%) at 298 K and 
30 bar were reached.  
CO2 capture capacities of the HCPs are comparable to those of high-surface area 
adsorbents found in the literature. In addition, these polymers are relatively inexpensive 
and present low isosteric heats of CO2 adsorption and good selectivity towards CO2. 
Thus, HCPs synthesized in this work show promising characteristics to be applied in 
pre-combustion CO2 capture processes by means of PSA cycles. 
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